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EFFECTS OF INLET TECZiNOLOGY 
ON CRUISE SPEED SELECTION 
L. €1. Sanger t ,  D.  M.  Santman, G .  H-orie, 
and L .  D.  M i l l e r  
Lockheed-California Corcpany 
Recent Lockheed s t u d i e s  of suversonic  c r u i s e  r e sea rch  (SCR) a i r c r a f t  have 
s tud ied  t h e  impact of cruise  speed on technology l e v e l  f o r  c e r t a i n  a i r c ra f t  
conponents . I n  t h e  p re sen t  s tudy ,  external-compression i n l e t s  were compared 
wi th  mixed-compression, s e l f - s t a r t i n g  i n l e t s  a t  c r u i s e  Mach numbers of 2.C and 
2 . 3 .  In le t -engine  combinations t h a t  provided the  g r e a t e s t  a i r c r a f t  range were 
i d e n t i f i e d .  R e s u l t s  showed t h a t  increased t ransonic- to-cru ise  co r rec t ed  a i r  
flow r a t i o  gave decreased range f o r  mlssions dominated by supersonic  c r u i s e .  
I t  was also found important  t h a t  i n l e t s  be designed t o  minimize s p i l l a g e  drag 
a t  subsonic  c r u i s e ,  because of t h e  need f o r  e f f i c i e n t  performance f o r  overltind 
opera t ions .  The external-compression i n l e t  emerged as the  probable  f i r s t  
choice a t  Mach 2.0, wh i l e  t h e  s e l € - s t a r t i n g  i n l e t  w a s  t he  probable f i r s t  
choice a t  Nach 2 . 3 .  Airframe-propulsion system i n t e r f e r e n c e  e f f e c t s  were 
s i g n i f i c a n t ,  and f u r t h e r  s tudy is  needed t o  assess t h e  e x i s t i n g  des ign  aethods 
and t o  develop improvements. 
INTRODUCTION 
Supersonic c r u i s e  r e sea rch  (SCR) s t u d i e s  a t  t h e  Lockheed-California 
Company have r e c e n t l y  been d i r e c t e d  toward a i r c r a f t  designed f o r  d i f f e r e n t  
supersonic  c r u i s e  Mach numbers. The gene ra l  purpose o f ' t h i s  e f f o r t  was to 
assess where a change i n  supersonic  c r u i s e  speed imposed a change i n  tech- 
nology l e v e l  f o r  c e r t a i n  components of t h e  a i r c r a f t .  Through 1978,  Lockheed 
s t u d i e s  concent ra ted  on a i r c r a f t  wi th  a supersonic  c r u i s e  speed of Mach 2.55. 
During 1979,  t h e s e  s t u d i e s  were expanded t o  inc lude  Mach 2.0 and Mach 2 .3  
c r u i s e  a i r c r a f t .  
Mach 2.0 was approximately t h e  lowest  speed of i n t e r e s t  i n  t he  Lockheed 
s t u d i e s .  A t  t h i s  speed,  external-compression i n l e t s  were expected t o  be com- 
p e t i t i v e  wi th  mixed-compression types .  By c o n t r a s t ,  c r u i s e  a t  Mach 2.55 
c l e a r l y  requi red  mixed-compression i n l e t s .  S tud ie s  a t  Mach 2 . 3  were under- 
taken t o  d e f i n e  more c l e a r l y  a c rossover  Mach number a t  which t h e  advantage 
would swing t o  a higher-technology, mixed-compression i n l e t .  
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The main o b j e c t i v e s  of t h e  present  s tudy are:  
0 I d e n t i f y  in le t -engine  combi.nations t h a t  provide raximurn range a t  
Mach 2.0 and 2 . 3  
0 Evaluate  e f f e c t  of t ransonic- to-cru ise  co r rec t ed  a i r  flow r a t i o  on 
a i r c r a f t  range 
0 Obtain q u a n t i t a t i v e  performance comparisons on the  e f f e c t  of i n t e r n a l  
con t r ac t ion  a t  Mach 2.0 and 2 . 3  
I n l e t  perforniance cannot be optimized i n  i s o l a t i o n  from engine performacce. 
Thus, i t  was des i r ed  t o  i d e n t i f y  those  in le t -engine  combinations t h a t  provided 
the  g r e a t e s t  a i r c r a f t  range. This  i n  t u r n  allowed those  i n l e t s  which were 
leading candida tes  f o r  f u r t h e r  development t o  be i d e n t i f i e d .  
An i s s u e  t h a t  a r o s e  from p a s t  s t u d i e s  w a s  t he  d e s i r a b i l i t y  of engines  
w i t h  r e l a t i v e l y  l a r g e  t r anson ic  a i r  f low capac i ty .  Eecause of the  importance 
of t ransonic- to-cru ise  co r rec t ed  a i r  flow r a t i o  on i n l e t  des ign ,  i t  w a s  
des i r ed  t o  eva lua te  t h e  in f luence  of t h i s  parameter on a i r c r a f t  range. 
The completed s tudy  conf igu ra t ions  are ind ica t ed  by checks i n  f i g u r e  1. 
The mixed-compression i n l e t s  s tud ied  a t  Mach 2.0 and 2 . 3  were l i m i t e d  t o  s e l f -  
s t a r t i n g  t y p e s .  Such i n l e t s  can be  r e s t a r t e d  without  any change i n  i n l e t  
geometry, and s o  have p o t e n t i a l l y  fewer u n s t a r t  problems than  i n l e t s  r equ i r ing  
v a r i a b l e  geonetry f o r  restart .  They also have p o t e n t i a l l y  h ighe r  t o t a l  pres-  
s u r e  recovery and lower cowl drag  than external-compression i n l e t s .  The pre- 
s e n t  paper concen t r a t e s  on us ing  r e s u l t s  f o r  two-dimensional i n l e t s  t o  
demonstrate e f f e c t s  of i n t e r n a l  c o n t r a c t i o n  and of co r rec t ed  a i r - f low r a t i o  
on a i r c r a f t  performance. A p a r a l l e l  e f f o r t  is underway f o r  t h e  a x i s y m e t r i c  
i n l e t  types ind ica t ed  i n  f i g u r e  1. These axisymmetric i n l e t s  have p o t e n t i a l l y  
Lower drag and lower weight than  t h e  two-dimensional i n l e t s  i n  the  podded 
n a c e l l e  conf igu ra t ion  of the Lockheed SCR a i r c r a f t .  The r e s u l t s  of t h e  axisym- 
metric i n l e t  s tudi .es  w i l l  be  repor ted  a t  a la ter  d a t e .  
A t  Mach 2.55, b o t h  t r a n s l a t i n g  centerbody (TCB) and c o l l a p s i n g  centerbody 
(CC3) i n l e t s  were analyzed,  and the  r e s u l t s  were r epor t ed  i n  r e fe rence  1. 
Both of t hese  i n l e t s  were axisymmetric,  wi th  mixed compression and variable 
geometry f o r  res ta r t .  Advantages of t he  CCB i n l e t  were low b leed  and low 
i n t e r n a l  c o n t r a c t i o n ,  p l u s  g r e a t e r  p o s s i b l e  t h r o a t  area v a r i a t i o n .  Its d i s -  
advantages were h igher  weight and g r e a t e r  complexity.  
p re fe r r ed ,  bu t  w i th  r e s e r v a t i o n s  about i ts  complexity.  
The CCB i n l e t  w a s  
The two-dimensional, s e l f - s t a r t i n g  i n l e t  des ign  a t  Mach 2.55 i s  descr ibed  
i n  r e fe rence  2.  This  des ign  was based on that of t h e  Lockheed supersonic  
t r a n s p o r t  of 1966. 
F igure  2 summarizes t h e  p r i n c i p a l  f a c t o r s  t h a t  i n f l u e n c e  t h e  choice  of 
t ransonic- to-cru ise  co r rec t ed  a i r  flow r a t i o .  These f a c t o r s  p o i n t  toward 
lower co r rec t ed  a i r  flqw r a t i o s  f o r  missions dominated by supersonic  c r u i s e .  
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Takeoff no i se  requirenients may l i m i t  r educ t ions  i n  co r rec t ed  a i r  flow r a t i o ,  
however. To o b t a i n  q u a n t i t a t i v e  r e s u l t s ,  i n l e t s  a t  Mach 2.0 and 2.55 were 
combined wi th  engines having d i f f e r e n t  t ransonic- to-cru ise  a i r  flow r a t i o s .  
I t  was not  considered necessary to r e p e a t  t h i s  s tudy a t  Mach 2.3. Thus, t he  
Mach 2.3 s t u d i e s  were mainly concerned wi th  c,omparing i n l e t  types  f o r  a given 
engine.  
STUDY COKF IGUMTI  OMS 
The Mach 2.0 and Mach 2.3 a i r c r a f t  used i n  t h i s  s tudy  a r e  shown i n  f i g -  
u re s  3 and 4 ,  r e s p e c t i v e l y .  These a i r c r a f t  are d e r i v a t i v e s  of t h e  Lockheed 
b a s e l i n e  Mach 2.55 a i r c r a f t ,  which has  takeoff  g ross  weight of 268,527 kg 
(592,000 l b )  , 290 passengers ,  wing loading of 4213 N/m2 (88 p s f ) ,  leading-  
edge sweep angles  73/70/55 degrees ,  and a spec t  r a t i o  1.72 ( r e f .  1). The Nach 
2.0 and 2.3 a i r c r a f t  have the  same takeoff  g ross  weight and number of passen- 
gers as t h e  Mach 2.55 a i r c r a f t .  For the  Mach 2.0 a i r c r a f t ,  t h e  wing loading 
i s  4357 N/m2 ( 9 1  p s f ) ,  the leading-edge sweep ang les  are 68/66/53 degrees ,  
and t h e  a spec t  r a t i o  i s  2 .1 .  The Mach 2.3 a i r c r a f t  has wing loading  4070 
N/m2 (85 p s f ) ,  leading-edge sweep angles  71/67/53  degrees ,  and a spec t  r a t i o  
1.95. The optimum wing loading and takeoff  thrust-to-weight r a t l o  f o r  each 
a i r c r a f t  were determined from t h e  Lockheed ASSET (Advanced Systems Synthes is  
and Evaluat ion Technique) code r e s u l t s .  
~ ~~ 
Figure 5 shows an i somet r i c  view of  t h e  Mach 2 .0 ,  two-dimensional, 
external-compression -~ i n l e t  (2,0/2D/EX) i n  t he  ovenqing/underwing conf ipura t ian .  
(The wing is no t  shown.) 
hand s i d e  of t h e  a i r c r a f t .  The overwing i n l e t  has  p a r t  of t h e  cowl c u t  away. 
The centerbody is  i n  the  c r u i s e  (expanded) p o s i t i o n .  Other f e a t u r e s  shown 
are t h e  centerbody bleed s l o t  and the  bypass (nearer  engine f ace )  and auxi l -  
i a r y  i n l e t  doors .  The underwing i n l e t  has a toe - in ,  and t h e  overwing i n l e t  a 
toe-out,  to  a l i g n  t h e  i n l e t s  wi th  t h e  wing-induced f l o w  d i r e c t i o n .  A sinjlax 
i sometr ic  view of t h e  Mach 2.0, two-dimensional, s e l f - s t a r t i n g  i n l e t  is shown 
i n  f i g u r e  6 .  The shal lower ramp and cowl angles  are ev ident ,  compared with 
t h e  2.0/2D/EX i n l e t .  
The i n s t a l l a t i o n  shown i n  t h e  f i g u r e  i s  on the  l e f t -  
Each of t h e  Mach 2.0 i n l e t  types w a s  matched wi th  two o r  more engines ,  
t o  assess the  in f luence  of t ransonic- to-cruise  co r rec t ed  a i r  flow r a t i o  on 
a i r c ra f t  range. C e r t a i n  modi f ica t ions  t o  each i n l e t  type were requi red  t o  
match engine a i r  flow requirements ,  wh i l e  s imultaneously maximizing t o t a l  
p ressure  recovery and minimizing drag. This  is  i l l u s t r a t e d  i n  f i g u r e  7 ,  which 
shows t h e  2.0/2D/EX i n l e t  contours  when matched t o  the  GE21/J11 B21 and t h e  
GE21/J11 B13 engines.  The 2.0/2D/EX i n l e t s  have e x t e r n a l  compression pro- 
vided by an i n i t i a l  wedge shock, followed by i s e n t r o p i c  compression t o  a 
maximum ramp angle ,  and terminated by a s t rong-so lu t ion  ob l ique  shock from 
t h e  cowl l i p .  The cowl-lip shock i n t e r s e c t s  t h e  forward edge of t h e  bleed 
s l o t .  The most obvious d i f f e r e n c e s  between t h e  i n l e t s  were' in t h e  l e n g t h  and 
t h e  engine f a c e  diameter .  These were both due t o  t h e  l a r g e r  f r o n t  f a n  diam- 
eter of t h e  -B13 engine,  which has  a l a r g e r  t ransonic- to-cru ise  co r rec t ed  a i r  
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flow r a t i o  ( t a b l e  1 summarizes some of t he  p r i n c i p a l  c h a r a c t e r i s t i c s  of t h e  
Mach 2.0 and 2.3 s tudy engines) .  The l a r g e r  engine diameter  gene ra l ly  
requi red  g r e a t e r  i n l e t  l eng th ,  because of l i m i t a t i o n s  on subsonic  d i f f u s e r  
divergence angle .  
There are s i g n i f i c a n t  d i f f e r e n c e s  i n  i n l e t  l o c a l  Mach number overwing and 
underwing. A t  a freestream Mach number of 2 .0 ,  t he  overwing local.  Mach num- 
ber  is 2.16 ,  whi le  t h e  underwing va lue  is  1 . 9 7 .  The des ign  procedure followed 
he re  was t o  design the  i n l e t  fox t he  overwing l o c a l  Mach number. The under- 
wing i n l e t  w a s  then  opera ted  off-design a t  cruise ,  bu t  w i th  only a s m a l l  c r i -  
t i c a l  s p i l l a g e  drag  penal ty .  The i n l e t s  were s i z e d  t o  provide t h e  same cor- 
rec ted  a i r  flow r a t e  a t  cruise;  thus ,  t h e  underwing c a p t u r e  area w a s  smaller 
than t h e  overwing va lue .  For in1.e.t s t a r t e d  ( s e l f - s t a r t i n g  type) o r  cowl-lip 
shock a t tached  (external-compression type) ,  ramp p o s i t i o n  depended only on 
l o c a l  Mach number. A t  lower Mach numbers, t he  overwing and underwing ramp 
angles  were scheduled s e p a r a t e l y  wi th  l o c a l  Mach number and requi red  engine 
a i r  flow, t o  minimize s p i l l a g e  drag.  
Figure 8 show? t h e  contours  of t h e  2.0/2D/SS i n l e t s  matched t o  the  
GE21/J11 I321 and t h e  GE21/J11 R13 engines .  
compression was provided by an i n i t i a l  wedge shock, followed by i s e n t r o p i c  
compression and a second ramp ob l ique  shock. 
achieved by the  cowl-lip shock, followed by i s e n t r o p i c  cowl compression 
between the  cowl l i p  and t h e  t h r o a t ,  and terminated by a normal shock. The 
amount of i n t e r n a l  ‘ con t r ac t ion  w a s  l i m i t e d  by the  requirement f o r  s e l f -  
s t a r t i n g .  
experimental  d a t a ,  and w a s  42 percent  for t hese  des igns .  A s  i n  f i g u r e  7 ,  t h e  
main d i f f e r e n c e s  between t h e  two s e l f - s t a r t i n g  i n l e t s  were i n  l e n g t h  and i n  
engine f a c e  diameter .  These l e d  t o  d i f f e r e n c e s  i n  weight and wave drag ,  as 
w i l l  be shown later.  
For t h e  2.0/2D/SS i n l e t s ,  e x t e r n a l  
I n t e r n a l  compression was 
~~~ ~ _ _ _ _ _ _  -~ 
The al lowable i n t e r n a l  con t r ac t ion  was determined from e x i s t i n g  
F igure  9 i l l u s t r a t e s  t h e  contours  of t h e  2.3/2D/EX and t h e  2.3/2D/SS 
i n l e t s  t h a t  were matched t o  t h e  GE2l/J11 Bl9 engine.  
designed according t o  t h e  same criteri.a as t h e i r  Mach 2.0 coun te rpa r t s .  At a 
f rees t ream Mach number of 2.3, t h e  overwing l o c a l  Mach number i s  2.48 ,  and 
t h e  underwing local.  Mach number i s  2.26. The c h a r a c t e r i s t i c  d i f f e r e n c e s  
between t h e s e  two i n l e t  types are evident .  The external-compression i n l e t  
was s h o r t e r  by 24 c m ,  and thus  had lower weight and lower b leed  drag .  The 
s e l f - s t a r t i n g  i n l e t  had more gradual  compression, hence h igher  t o t a l  p re s su re  
recovery; and had a smaller cowl ang le ,  g iv ing  lower wave drag. Its i n t e r n a l  
con t r ac t ion  w a s  35 percent .  Each of t h e  des igns  shown i n  f i g u r e s  7 through 9 
r e s u l t e d  from t r a d e  s t u d i e s  a t  supersonic  c r u i s e  speed. 
f o r  t h e  e f f e c t  of t o t a l  p re s su re  recovery,  drag,  and weight on a i r c r a f t  range 
were used t o  s e l e c t  t h e  i n l e t  contours .  
These i n l e t s  were 
S e n s i t i v i t y  f a c t o r s  
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RESULTS 
I n l e t  weight is  a f f e c t e d  by i n l e t  type  and by t ransonic- to-cruise  
Here t h e  average i n l e t  weight w a s  nondimensionalized by the  ambient 
These a l t i t u d e s  
cor rec ted  a i r  flow r a t i o .  
s t u d i e s .  
p ressure  a t  c r u i s e  a l t i t u d e  and by t h e  average c a p t u r e  a rea .  
were about 1 6  km a t  Mach 2.0, 1 7  km a t  Mach 2.3, and 18 km a t  Mach 2.55. 
F igure  10 shows r e s u l t s  from some recen t  Lockheed 
The weights  of t h e  2.0/2D/EX and t h e  2.0/2D/SS i n l e t s  are nea r ly  t h e  
same f o r  t h e  GE21/JllB21 engine.  The 2.0/2D/EX i n l e t  could have been s h o r t e r  
based on aerodynamic c r i t e r i a ,  bu t  had t o  be lengthened t o  accommodate auxi l -  
i a r y  i n l e t  doors.  The i n l e t s  matched t o  t h e  GE21/JllB13 are heav ie r  mainly 
because of t h e i r  longer  subsonic  d i f f u s e r s  ( f i g u r e s  7 and 8 ) .  A t  Mach 2.3, 
t h e  s e l f - s t a r t i n g  i n l e t s  were heav ie r  by about 360 kg (800 l b )  o v e r a l l  
because of t h e  d i f f e r e n c e  i n  l e n g t h  ( f i g u r e  9 ) .  
The d e t a i l s  of t h e  Mach 2.55 s t u d i e s  were repor ted  i n  re ference  1. The 
co l l aps ing  centerbody i n l e t s  (CCB) f o r  t h e  GE21/JllB11 were about 1100 kg 
(2400 l b )  heavier  o v e r a l l  than  t h e  t r a n s l a t i n g  centerbody i n l e t s ,  because of 
t h e  added mechanism requi red  f o r  the  CCB i n l e t .  The CCB i n l e t s  w i t h  t h e  
GE21/JllB20 engine were longer  than t h e i r  coun te rpa r t s  f o r  t h e  - B 1 1  engine,  
because of t h e  increased  engine face diameter.  This  r e s u l t e d  i n  an o v e r a l l  
weight d i f f e r e n c e  of about  800 kg (1800 l b )  between t h e s e  CCB i n l e t s .  
Table 2 p re sen t s  t o t a l  p re s su re  recovery and b leed  drag  a t  supersonic  
c r u i s e  condi t ions  f o r  t h e  Mach 2.0 and Mach 2 . 3  i n l e t s .  The s e l f - s t a r t i n g  
i n l e t s  showed h ighe r  t o t a l  p re s su re  recovery,  as expected, because some 
i n t e r n a l  compression a l lows  lower shock l o s s e s  f o r  a g iven  cowl aQgle  than 
does a l l - e x t e r n a l  compression. 
engine showed h igher  p re s su re  recovery than wi th  t h e  GE21/JllB21 engine f o r  
two reasons:  (1) a h igher  cowl angle ,  requi red  t o  match the  maximum engine 
air  flow rate, allowed more e f f i c i e n t  supersonic  compression wi th  a weaker 
cowl l i p  shock; (2) t h e  longer  subsonic  d i f f u s e r  was more e f f i c i e n t .  I t  may 
be noted t h a t  t h e  s e l f - s t a r t i n g  i n l e t  w i th  t h e  GE211JllB21 engine w a s  o p t i -  
mized a t  lower p re s su re  recovery by a t r a d e  wi th  cowl drag.  
The 2.0/2D/SS i n l e t  w i t h  t h e  GE21/JllE13 
Figure  11 shows t h e  b leed  flow c o r r e l a t i o n  presented  by Bowditch i n  
r e fe rence  3.  
i n l e t s ,  p lus  o t h e r  l abe led  po in t s .  The NASA-Lewis bicone-type i n l e t s  ( r e f .  4; 
c i r c l e s ,  lower l i n e )  do no t  c o r r e l a t e  w e l l  w i th  t h e  o t h e r  da t a .  These bicone- 
type i n l e t s  would probably have t o  be  opera ted  wi th  a s t a b i l i t y  bleed system, 
however. 
Some d a t a  p o i n t s  have been added f o r  Mach 2.2, two-dimensional 
In  the  present s t u d i e s  t h e  performance of a number of i n l e t s  w a s  being 
The upper l i n e  w a s  used 
compared. It warns t h e r e f o r e  necessary  t o  account f o r  d i f f e r e n c e s  i n  wetted 
area and l o c a l  Mach number i n  a c o n s i s t e n t  manner. 
t o  estimate bleed f low requirements ,  a l though i t  may b e  conserva t ive .  
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Bleed drag  c o e f f i c i e n t ,  re fe renced  t o  wing area, is g iven  i n  t a b l e  2 .  
The p r i n c i p a l  d i f f e r e n c e s  w e r e  between t h e  external-compression and t h e  s e l f -  
s t a r t i n g  i n l e t s .  These r e s u l t e d  from t h e  d i f f e r e n c e s  i n  wetted area i n  the  
supersonic  d i f f u s e r s  of t hese  i n l e t s .  
The d i f f e r e n c e s  i n  s p i l l a g e  drag  a t  off-design cond i t ions  f o r  t h e  va r ious  
In le t -engine  combinations emerged as one of t he  more s i g n i f i c a n t  f a c t o r s  
a f f e c t i n g  a i r c r a f t  range. These d i f f e r e n c e s  are i l l u s t r a t e d  i n  f i g u r e  1 2  f o r  
t h e  Mach 2.0 s tudy cases .  The condi t ions  correspond t o  t h e  l o c a l  Mach number 
and engine a i r  flow along the  SCR climb p r o f i l e .  R e s u l t s  are shown f o r  t h e  
overwing i n l e t s  only,  which had g r e a t e r  s p i l l a g e  and bypass drag  than t h e  under- 
wine i n l c t s .  This  is because the  underwing i n l e t  w a s  a b l e  t o  supply the  maximum 
engine ai.]: flow, and had a smaller cap tu re  area. 
For the  external-compression i n l e t s ,  excess  i n l e t  a i r  flow was bypassed 
i f  t he  s t rong-obl ique,  cowl-lip shock was a t t ached ,  and was s p i l l e d  i f  t h i s  
shock was detached. The l o c a l  Mach number a t  which detachment occurs  i s  about  
1.65. For t h e  mixed-compression f n l e t s ,  excess  i n l e t  a i r  flow w a s  bypassed i f  
t h e  i n l e t  was s t a r t e d ,  and s p i l l e d  i f  i t  w a s  uns t a r t ed .  The l o c a l  Mach number 
f o r  u n s t a r t  is  a l s o  about 1.65. 
The s tudy revealed t h a t  t h e s e  external-compression i n l e t s  could be operated 
with no s u b c r i t i c a l  s p i l l a g e ,  and t h e  bypass amounts were very.smal1.  Thus, 
nea r ly  a l l  of the  drag  w a s  due t o  c r i t i c a l  s p i l l a g e .  As expected, t h e  s p i l l a g e  
drag c o r r e l a t e d  inve r se ly  wi th  (h7&/6)~1/ QJ&/6) CRUISE. The engine wi th  t h e  
h igher  r e l a t i v e  t r anson ic  a i r  flow, t h e  GE21/JllB13, l e d  t o  t h e  lower s p i l l a g e  
drag.  
A t  l o c a l  Mach numbers below 1.65, t h e  s e l f - s t a r t i n g  i n l e t s  had some sub- 
c r i t i c a l  s p i l l a g e  because they s t i l l  had some i n t e r n a l  con t r ac t ion .  This  
caused t h e  h igh  s p i l l a g e  drag  re la t ive  t o  t h e  2.0/2L)/EX i n l e t s ,  as shown i n  
f i g u r e  12. 
i nve r se ly  wi th  ( W 6 / 6 ) ~ 1 /  ( J ~ ~ / ~ ) C R U I S E .  
Again, t h e  relative s p i l l a g e  drag of t h e  2.0/2D/SS i n l e t s  c o r r e l a t e d  
The remaining i n t e r n a l  con t r ac t ion  i n  t h e  s e l f - s t a r t i n g  i n l e t s ,  when below 
the  u n s t a r t  Mach number, could be  removed by a des ign  modi f ica t ion .  
another  hinge could be provided on t h e  forward ramp, p l u s  s u i t a b l e  ac tua t ion .  
This  would involve  some weight pena l ty ,  bu t  would probably be  d e s i r a b l e  i f  t h e  
s p i l l a g e  drag  could be reduced t o  t h e  level of t h e  external-compression i n l e t s .  
This  w i l l  be  f u r t h e r  i l l u s t r a t e d  l a te r  by t h e  r e s u l t s  of the a i r c r a f t  mission 
ana lyses  . 
For example, 
The Mach 2.3 s t u d i e s  showed t h e  same t r ends  of s p i l l a g e  and bypass drag as 
for Mach 2.0. Again, t h e  s e l f - s t a r t i n g  i n l e t  had h igh  s u b c r i t i c a l  s p i l l a g e  
drag  because of i n t e r n a l  c o n t r a c t i o n  a t  uns t a r t ed  cond i t ions .  
Vave drag  comparisons f o r  t h e  Mach 2.0 s tudy  cases are shown i n  f i g u r e  13. 
The f i g u r e  shows wave drag  c o e f f i c i e n t  for  a l l  f o u r  n a c e l l e s ,  re fe repced  to  
wing area. For a given engine,  t h e  external-compression i n l e t s  have h igher  
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wave drag,  as expected,  because of t h e i r  l a r g e r  e x t e r n a l  f low turn ing .  For a 
given i n l e t  type,  t h e  wave drag inc reases  as ( ~ ? & / b ) M l /  (w&/~)CRUISE i nc reases .  
This fol lows from t h e  gene ra l  need f o r  h igher  cowl ang le s  t o  match t h e  l a r g e r  
engine diameter .  
The r e s u l t s  i n  f i g u r e  13 are f o r  t h e  i s o l a t e d  n a c e l l e s ,  a s  computed by 
the  nea r - f i e ld  wave drag  method of r e fe rence  5. 
of r e fe rence  5 w a s  used t o  o b t a i n  complete a i r c r a f t  wave d rag  f o r  t h e  2.0/21)/EX - 
GE21/JllB13 i n s t a l l a t i o n .  The near - f ie ld  method was used t o  compute wave and 
i n t e r f e r e n c e  drag f o r  each n a c e l l e  conf igu ra t ion .  The increments i n  these  near- 
f i e l d  va lues  from t h e  2.0/2D/EX - GE21/JllR13 case  were used t o  a r r i v e  a t  complete 
a i r c r a f t  wave drag  f o r  t h e  remaining cases. 
the  methods of r e f e r e n c e  5. 
The f a r - f i e l d  wave drag method 
F r i c t i o n  drag  w a s  a l s o  computed by 
The same procedure w a s  followed t o  e s t a b l i s h  wave drag  f o r  t he  Mach 2 . 3  
study cases .  The i s o l a t e d  n a c e l l e  r e s u l t s ,  comparing t h e  2.3/2D/EX and 
2.3/2D/SS i n l e t s  wi th  t h e  GE21/JllB19 engine were s imilar  t o  those  shown i n  
f i g u r e  13 .  
There is sone u n c e r t a i n t y  about t h e  accuracy of t h e  wave drag  r e s u l t s ,  
because t h e  des ign  methods are based on modi f ica t ions  t o  l i n e a r i z e d  theory and 
on supe rpos i t i on  of s o l u t i o n s .  The g r e a t e r  t h e  shock s t r e n g t h s  and tu rn ing  
angles  f o r  a n a c e l l e  i n s t a l l a t i o n ,  t h e  g r e a t e r  t h e  expected e r r o r .  A r e l a t e d  
example was repor ted  i n  r e fe rence  6 ,  i n  which t h e  cowl drag  of a n  ex te rna l -  
compression i n l e t  w a s  underestimated by us ing  l i n e a r i z e d  t h e o r i e s .  By c o n t r a s t ,  
t he  same l i n e a r i z e d  t h e o r i e s  agreed wi th  the  method of c h a r a c t e r i s t i c s  i n  pre- 
d i c t i n g  t h e  wave d rag  of a mixed-compression i n l e t ,  which had a smaller e x t e r n a l  
cowl angle .  This  example sugges t s  t h a t  t h e  wave drag  of t h e  external-compression 
i n l e t s  s tud ied  h e r e  may a l s o  have been underest imated,  r e l a t i v e  t o  the  s e l f -  
s t a r t i n g  i n l e t s .  
A i r c r a f t  performance was evaluated f o r  each of t h e  s tudy  cases .  The mission 
p r o f i l e  is i l l u s t r a t e d  i n  f i g u r e  14. Subsonic c r u i s e  segments considered were 
zero (a l l - supersonic  c r u i s e ) ,  1111 km (600 n. m i . ) ,  and 2778 km (1500 n. mi.). 
These subsonic  c r u i s e  segments were div ided  i n t o  two equal  p a r t s ,  occur r ing  
before  and a f t e r  t h e  supersonic  c r u i s e  segment. 
I n  f i g u r e  15, r e s u l t s  of mission ana lyses  ar2 used t c  i l l u s t r a t e  t h e  e f f e c t  
of t ransonic- to-cru ise  co r rec t ed  a i r  flow r a t i o  on a i r c r a f t  range. The 
2.0/2D/EX i n l e t s  had n e a r l y  t h e  m s T a m  a t m n i c  c r u i s e  I I 
( t a b l e  3) .  
weight,  however: l ead ing  t o  g r e a t e r  range. T6- s-ctrmirances appl ied  f o r  
t h e  2.0/2D/SS i n l e t s ,  and t h e  bicone-type CCB i n l e t s  a t  Mach 2.55. Thus, f o r  
engines of t he  same fami ly ,  increased  (I&/6)m/ ( l h 6 / 6 )  CRUISE y i e l d s  reduced 
range. The r e spons ib l e  f a c t o r s  seem t o  b,e t h e  h ighe r  wave drag ,  and h igher  
weight t h a t  accompany h ighe r  t ransonic- to-cru ise  co r rec t ed  a i r  flow r a t i o s .  
The case ~~ w i t h  t h e  GE21/JllB21 engine had lower wave drag and lower - 1 
Fur the r  r educ t ions  i n  co r rec t ed  a i r  flow r a t i o  are now beialg explored. 
This  w i l l  i n d i c a t e  whether range goes through a maximum wi th  r e s p e c t  t o  
co r rec t ed  a i r  flow r a t i o ,  and t h e  n a t u r e  of t h e  c o n t r o l l i n g  f a c t o r s .  Takeoff 
n o i s e  requirements may also l i m i t  r educ t ions  i n  co r rec t ed  a i r  flow r a t i o .  
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The e f f e c t s  of subsonic  c r u i s e  d i s t a n c e  on a i r c r a f t  range were a l s o  
explored. I t  is d e s i r a b l e  f o r  a supersonic  t r a n s p o r t  a i r c r a f t  t o  have e f f i -  
c i e n t  subsonic c ru ise  c a p a b i l i t y ,  t o  enhance i t s  use fu lness  f o r  both overwater 
and overland ope ra t ions .  Any e f f e c t s  of i n l e t  type on a i r c r a f t  range f o r  mixed 
supersonic  and subsonic  c r u i s e  are  then p o t e n t i a l l y  important .  
F igure  16 shows t o t a l  range as a func t ion  o f  subsonic  c r u i s e  d i s t a n c e  f o r  
the  llach 2.0 a i r c r a f t  s tudy  cases. 
small  i nc reases  i n  range as subsonic  c r u i s e  d i s t a n c e  increased .  This  t rend 
was a r e s u l t  of t he  r e l a t i v e  va lues  of (Mo/SFC)(L/D) f o r  supersonic  and sub- 
sonic  cruise.  
the  a i r c r a f t  wi th  the  2.0/2D/SS i n l e t s  showed a sinal1 decrease  i n  range as sub- 
son ic  c r u i s e  d i s t a n c e  increased .  
f c r  t h e  2.0/2D/SS i n l e t s  i s  s l i g h t l y  h igher  a t  supersonic  c r u i s e ,  and substan- 
t i a l l y  lower a t  subsonic  c r u i s e ,  compared wi th  t h e  2.0/2D/EX i n l e t  ca ses .  The 
s u b c r i t i c a l  s p i l l a g e  of t h e  2.0/2D/SS i n l e t s ,  which w a s  r e spons ib l e  f o r  t h e  
h igher  subsonic  SFCs, exp la ins  t h i s  behavior .  A s  suggested ear l ie r ,  t h i s  sub- 
c r i t i c a l  s p i l l a g e  could be e l imina ted  by modifying the  s e l f - s t a r t i n g  i n l e t  t o  
have no i n t e r n a l  c o n t r a c t i o n  a t  subsonic  c r u i s e .  This  would add weight ,  bu t  
would produce a more,favorable  v a r i a t i c n  of t o t a l  range w i t h  subsonic  c r u i s e  
d i s  t anc e. 
The a i r c r a f t  wi th  2.0/2D/EX i n l e t s  showed 
Average va lues  of SFC and L / n  are  g iven  i n  t a b l e  3 .  I n  c o n t r a s t ,  
From t a b l e  3 i t  is apparent  t h a t  (No/SFC)(L/D) 
Mission r e s u l t s  f o r  t h e  Mach 2.3 a i r c r a f t  cases are shown i n  f i g u r e  1 7 .  
For t h e  a i r c r a f t  wi th  t h e  2.3/2D/EX i n l e t ,  t h e  l a r g e  r e l a t i v e  
Again, t h e  behavior  is  due t o  the  r e l a t i v e  va lues  of Mo/SFC a t  supersonic  and 
subsonic c r u i s e .  
improvement i n  Mo/SFC a t  subsonic  cruise  produced i n c r e a s e s  i n  range as subsonic  
c r u i s e  d i s t a n c e  increased .  For t h e  a i r c r a f t  w i th  t h e  2.3/2D/SS i n l e t s ,  t h e  sub- 
c r i t i c a l  s p i l l a g e  g r e a t l y  increased  subsonic  c r u i s e  SFC. The r e s u l t i n g  unfavor- 
a b l e  e f f e c t  on subsonic  G/SFC y ie lded  a s i g n i f i c a n t  decrease  i n  range as sub- 
son ic  c r u i s e  d i s t a n c e  increased .  A s  f o r  t h e  Mach 2.0 c a s e s ,  mod i f i ca t ion  of t h e  
2.3/2D/SS i n l e t  t o  e l i m i n a t e  s u b c r i t i c a l  s p i l l a g e  a t  Mach 0.9 would g r e a t l y  i m -  
prove t h i s  s i t u a t i o n .  
These cons ide ra t ions  of subsonic  c r u i s e  d i s t a n c e  i n d i c a t e  t h e  importance 
of i n l e t  performance a t  subsonic  c r u i s e  cond i t ions .  I n  p a r t i c u l a r ,  i t  i s  
important t h a t  i n l e t s  be designed t o  minimize s p i l l a g e  drag  a t  subsonic  c r u i s e .  
I n  t h i s  connection, f i g u r e  16 a l s o  r e v e a l s  t h a t  d i f f e r e n c e s  due t o  (W@/6),1/ 
(14&/6) CRUISE became smaller as subsonic  c r u i s e  d i s t a n c e  increased .  
r e s u l t e d  from t h e  lower s p i l l a g e  drag  a s soc ia t ed  wi th  h ighe r  ( U & / 6 ) ~ 1 /  
(W&/~)CRUISE. Again, the importance of a c c u r a t e  e s t ima t ion  of s p i l l a g e  e f f e c t s  
on nace l le -a i r f rame i n t e r f e r e n c e  should be noted. 
This  
The f a c t o r s  i n f luenc ing  t h e  choice  of 2.0/2D/EX i n l e t s  o r  2.0/2D/SS i n l e t s  
can now be summarized.. The external-compression and s e l f - s t a r t i n g  i n l e t s  had 
nea r ly  t h e  same supersonic  c r u i s e  SFC. The s e l f - s t a r t i n g  i n l e t s  were heav ie r  
because of t h e i r  g r e a t e r  length .  The small range  advantage of t h e  s e l f - s t a r t i n g  
i n l e t s  a t  supersonic  c r u i s e  w a s  then  a r e s u l t  of t h e i r  lower wave drag.  As 
noted before ,  however, t h e  wave drag  d i f f e r e n c e  between t h e  2.0/2D/EX and t h e  
2.0/2D/SS i n l e t s  may have been too  low, thus  poss ib ly  narrowing t h e  range 
increment f o r  a l l - supersonic  c r u i s e .  
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The external-compression i n l e t s  showed an advantage a t  subsonic  c r u i s e  
because of t h e i r  capac i ty  t o  ope ra t e  a t  c r i t i c a l  cond i t ions ,  and s o  minimize 
s p i l l a g e  drag.  For t h e  2.0/2D/SS i n l e t s ,  t h e i r  s u b c r i t i c a l  s p i l l a g e  dra!: 
could be e l imina ted  a t  t h e  cost of some added mechanical complexity.  
I n  a d d i t i o n  t o  performance f a c t o r s ,  i t  i s  necessary  t o  cons ider  r e l a t i v e  
mechanical complexity and flow s t a b i l i t y .  Here t h e  advantage goes t o  t h e  
external-compression i n l e t s .  More e f f o r t  could be expected t o  develop a s e l f -  
s t a r t i n g  design than an external-compression des ign .  
On ba lance ,  t h e  external-compression i n l e t s  are t h e  probable f i r s t  choice 
f o r  t h e  Mach 2.0 a i r c r a f t .  Their  s m a l l  supersonic  c r u i s e  range d e f i c i t  is o f f -  
se t  by t h e i r  s i m p l i c i t y  and t h e i r  r e l a t i v e l y  h igh  performance a t  subsonic  c r u i s e .  
Thus, a lower technology approach seems adequate  f o r  t h e  Mach 2.0  a i r c r a f t .  For 
now, however, t h i s  conclus ion  must be q u a l i f i e d  by t h e  unce r t a in ty  i n  i n s t a l l e d  
wave drag and s p i l l a g e  e f f e c t s .  Also, t h e  r e s u l t s  of t he  axisyrrmetric i n l e t  
s t u d i e s  may a l te r  t h i s  conclusion.  
For the  Mach 2.3 a i r c r a f t ,  t he  2.3/2D/SS i n l e t  had a more d i s t i n c t  advan- 
tage  a t  supersonic  c r u i s e .  This  w a s  p a r t l y  due t o  i t s  lower wave drag ,  b u t  
mainly due t o  i t s  lower SFC. Remaining t rade-of fs  were similar t o  those of t he  
Mach ,2 .O a i r c r a f t .  Thus, t h e  external-compression i n l e t  had somewhat lower 
weight,  had g r e a t e r  f low s t a b i l i t y ,  and had lower s p i l l a g e  drag a t  subsoriic 
c r u i s e .  The 2.3/2D/SS i n l e t  a l s o  had t h e  capac i ty  t o  e l imina te  s u b c r i t i c a l  
s p i l l a g e  a t  subsonic  c r u i s e  cond i t ions  a t  t h e  c o s t  of extra cornplcsity. 
t he  wave drag  d i f f e r e n c e  between the  2.3/2D/EX and t h e  2.3/2D/SS i n l e t s  may have 
been underestimated. 
F i n a l l y ,  
On ba lance ,  t h e  h ighe r  technology s e l f - s t a r t i n g  i n l e t s  are  t h e  probable  
f i r s t  choice  f o r  t he  Mach 2.3 a i r c r a f t ,  i f  they are modified t o  xxininjze sub- 
c r i t i c a l  s p i l l a g e .  This  i s  based on t h e i r  s u p e r i o r i t y  a t  supersonic  cruise ,  
and t h e i r  p o t e n t i a l  f o r  r e l a t i v e l y  h igh  performance at subsonic  c r u i s e .  The 
requirement f o r  low s p i l l a g e  drag a t  subsonic  c r u i s e  does impose a d d i t i o n a l  
complexity on the  s e l f - s t a r t i n g  i n l e t s ,  however. 
Airframe-propulsion system i n t e r f e r e n c e  e f f e c t s  are  s i g n i f i c a n t  f o r  a i r -  
c r a f t  performance and f o r  des ign  of components such as t h e  i n l e t .  This  i s  
apparent  from the  importance of wave drag  and i n l e t  s p i l l a g e  i n  t h e  p re sen t  
r e s u l t s ,  and from many o t h e r  s t u d i e s .  Fu r the r  s tudy  is needed t o  assess and 
improve e x i s t i n g  des ign  methods f o r  a i r f rame-propuls ion system i n t e r f e r e n c e ,  
as these  methods are l a r g e l y  based on l i n e a r i z e d  theory  and modi f ica t ions  
thereof .  Examples of p o s s i b l e  areas o f  improvement are i n  l o c a t i o n  of i n t e r -  
f e rence  shocks and d e s c r i p t i o n  of wave r e f l e c t i o n s ,  i n l e t  s p i l l a g e  s t r eaml ine  
shapes,  and e f f e c t s  of i n l e t  bypass and b leed  flows. 
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CONCLUSIONS 
a For t h e  conf igu ra t ions  s tud ied ,  increased  (I?&/6)M1/ ( W & / ~ ) C R U ~ ~ ~  gave 
decreased range f o r  missions dominated by supersonic  c r u i s e .  Reduc- 
t i o n s  i n  co r rec t ed  a i r  flow r a t i o  may be l i m i t e d  by takeoff  n o i s e  
requirements and by t h e  need t o  minimize s p i l l a g e  a t  subsonic  c r u i s e ,  
however. 
a I t  is important t h a t  i n l e t s  be  designed t o  minimize s p i l l a g e  drag  a t  
subsonic  cruise ,  because of t he  need f o r  r e l a t i v e l y  e f f i c i e n t  subsonic 
cruise performance f o r  overland ope ra t ions .  External-compression i n l e t s  
seem t o  have an advantage i n  t h i s  r e spec t .  
a The external-compression i n l e t  emerged as t h e  probable  f i r s t  choice  f o r  
t he  Mach 2.0 a i r c r a f t ,  whi le  t he  s e l f - s t a r t i n g  i n l e t  w a s  t h e  probable 
f i r s t  choice  a t  Mach 2.3. This  i nd ica t ed  a change i n  i n l e t  technology 
l e v e l  between t h e s e  Mach numbers. 
0 Airframe propuls ion system i n t e r f e r e n c e  e f f e c t s  (e .g . ,  i n s t a l l e d  wave 
drag and i n l e t  s p i l l a g e  flow) are s i g n i f i c a n t  f o r  a i r c r a f t  performance 
ant! f o r  des ign  of components such as the  i n l e t .  Fu r the r  s tudy  is  needed 
t o  assess e x i s t i n g  design methods and t o  develop improvements. 
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TABLE 1. - ENGINE CYCLE- CHARACTERISTICS 
I I 1614-11C 
' 2.0/2D/SS 
GE 21/51 l B 1 3  
0.94610.953 
0.000419 
42 
Engine 
1631-1A 
2.3/2D/EX 
GE 21/JllB1 
036710.894 
0.000306 
0 
Cruise Mach No. 
Oversize front fan (percent) 
Augmentor 
(T/W)T/O 
Bypass ratio 
Overall cycle pressure ratio 
Fan pressure ratio 
Front fan diameter (M) 
GE 21/J11B13 
2.0 
20 
Afterburner 
I .32 
224 
0.265 
0.35 
18.8 
3.7 
1.56 
GE 21/51 1B21 
2 .o 
10 
Afterburner 
1.23 
225 
0.265 
0.35 
18.1 
3.5 
1.45 
GE 21/51 1B19 
2.3 
10 
Afterburner 
I .45 
186 
0.265 
0.25 
16.0 
3.7 
1 s o  
TABLE 2 .  - INLET PRESSURE RECOVERY AND BLEED DRAG AT SUPERSONIC CRUISE CONDITIONS 
Engine 
cD, bleed (4 inlets) 
Internal compression, 
percent 
1614 - 10A 
2.0/2D/EX 
GE 2llJ 11B21 
0.91 6/0.940 
0.000292 
0 
1614 - I O C  
2.0/2D/SS 
GE 21/511B21 
0.93210.943 
0.000402 
42 
~ 
1614 - 11A 
2.0/2D/EX 
GE 21/51 IB13 
0.9 1610.940 
0.00029 1 
I 
0 
1 1631 - I C  
2.3/2D/SS 
' CE 21/51 1B19 
0.913/0.933 
0.000452 
35 
4 01 
TABLE 3. - INSTALLED SPECIFIC FUEL CONSUMPTION AND LIFT-DRAG RATIO 
Configuration 
Inlet 
Engine 
Supersonic cruise: 
Avg. SFC 
-KG/HR/daN 
(LBM/HR/LB) 
Avg. L/D 
Subsonic cruise: 
Avg. SFC 
-KG/HR/daN 
(I.Bhl/HR/LD) 
Avg. L/D 
1614 - 10A 
2.0/2D/EX 
GE 21/51 IB21 
1.273 
(1.248) 
8.2 
1.048 
(1.027) 
14.1 
1614 - 1OC 
2.0/2D/SS 
GE 21/JllB21 
1.266 
(1.241) 
8.3 
1.122 
(1 :loo) 
14.1 
1614 - 11A 
2.0/2D/EX 
GE 21/JllB13 
1.276 
(1.25 1 )  
8.0 
1.054 
(1.033) 
14.1 
1614 - 11C 
2.0/2D/SS 
GE 21/J11B13 
1.265 
(1.240) 
8.1 
1.115 
(1.093) 
14.1 
1631 - 1A 
2.3/2D/EX 
GE 21/JllB19 
1.450 
( I  .422) 
7.8 
1.087 
(1.066) 
13.9 
1631 - 1C 
2.3/2D/SS 
;E 21/J1 lBlS 
1.373 
(1.346) 
7.8 
1.177 
(1.154) 
13.9 
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Figure 1.- Study conf igu ra t ions .  
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Figure 2.- E f f e c t s  of t ransonic- to-cru ise  co r rec t ed  a i r  f l o w  r a t i o .  
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Figure 3.- General arrangement Mach 2.0 SCR vehic le .  
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Figure 4.- General arrangement Mach 2 . 3  SCR vehic le .  
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F i g u r e  9.- Mach 2 . 3  i n l e t  c o n t o u r s .  
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F i g u r e  10.- I n l e t  weight .  
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Figure  11.- I n l e t  b l eed  f low c o r r e l a t i o n .  
OVERWING INLETS 
SCR CLIMB PROFILE 
,0010 - ___ 
GE 21/Jll B21 
- 
DRAG 
PER INLET 
COEFFICIENT - 
- 
0 0.5 1 .o 1.5 2.0 
LOCAL MACH NUMBER 
Figure  12.- I n l e t  s p i l l a g e  and bypass drag.  
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F i g u r e  14.- SCR m i s s i o n  p r o f i l e .  
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Figure  15.- E f f e c t  of co r rec t ed  a i r  f l o w  r a t i o  on range. 
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Figure  16.- E f f e c t  of subsonic  c r u i s e  on range f o r  Mach 2 . 0  a i r c r a f t .  
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Figure 17.-  E f f e c t  of subsonic  c r u i s e  on range f o r  Mach 2 . 3  a i r c r a f t .  
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